Nitrite has recently emerged as an important bioactive molecule, capable of conferring cardioprotection and a variety of other benefits in the cardiovascular system and elsewhere. The mechanisms by which it accomplishes these functions remain largely unclear. To characterize the dose response and corresponding cardiac sequelae of transient systemic elevations of nitrite, we assessed the time course of oxidation/nitros(yl)ation, as well as the metabolomic, proteomic, and associated functional changes in rat hearts following acute exposure to nitrite in vivo. Transient systemic nitrite elevations resulted in: (1) rapid formation of nitroso and nitrosyl species; (2) moderate short-term changes in cardiac redox status; (3) a pronounced increase in selective manifestations of long-term oxidative stress as evidenced by cardiac ascorbate oxidation, persisting long after changes in nitrite-related metabolites had normalized; (4) lasting reductions in glutathione oxidation (GSSG/GSH) and remarkably concordant nitrite-induced cardioprotection, which both followed a complex dose-response profile; and (5) significant nitrite-induced protein modifications (including phosphorylation) revealed by mass spectrometry-based proteomic studies. Altered proteins included those involved in metabolism (eg, aldehyde dehydrogenase 2, ubiquinone biosynthesis protein CoQ9, lactate dehydrogenase B), redox regulation (eg, protein disulfide isomerase A3), contractile function (eg, filamin-C), and serine/threonine kinase signaling (eg, protein kinase A R1␣, protein phosphatase 2A A R1-␣). Thus, brief elevations in plasma nitrite trigger a concerted cardioprotective response characterized by persistent changes in cardiac metabolism, redox stress, and alterations in myocardial signaling. These findings help elucidate possible mechanisms of nitrite-induced cardioprotection and have implications for nitrite dosing in therapeutic regimens. (Circ Res. 2009;104:796-804.) 
A lthough traditionally considered an inert byproduct of nitric oxide (NO) metabolism, the nitrite anion (NO 2 Ϫ ) is now recognized as an important bioactive molecule. 1 It represents a source of NO, nitrosation and nitrosylation (nitros[yl]ation), yielding profound biological effects, especially in the context of hypoxia and ischemia. 2, 3 Nitrite has been shown to elicit NO-dependent vasodilatation, 4,5 angiogenesis, 6 and cardioprotection. [7] [8] [9] [10] [11] Although the mechanisms of nitrite-induced cardioprotection remain elusive, proposals include alterations to mitochondrial respiration by direct modulation of the electron transport chain. 7 Nitrite bioconversion to NO has varyingly been attributed to heme-dependent reductase activity, 7, 12, 13 to reduction by other enzymes, including aldehyde dehydrogenase (ALDH)2 and xanthine oxidase, 14 and to chemistries favored by low oxygen tension or pH. 15 Cardioprotection by nitrite is manifest in isolated heart preparations, 16 and low doses of nitrite prevent ischemia/reperfusion (I/R) injury in myocardial infarction. 17 Thus, although great potential exists for nitrite-based therapeutics, a number of questions remain.
(1) What is the dose-response relationship for nitrite-mediated cardioprotection? (2) What are the immediate (first-hour) and longer-term (24-hour) cardiac sequelae of elevations in plasma nitrite? (3) By what mechanisms does nitrite-induced cardioprotection occur? Using a metabolomic/proteomic approach, we demonstrate here that, following a brief systemic nitrite exposure in vivo, cardiac tissue experiences a rapid, dose-dependent wave of S-, N-, and heme nitros(yl)ation, followed by longer-term redox status alterations and cardiac proteomic changes, all of which may contribute to cardioprotection.
Materials and Methods
An expanded Materials and Methods section is available in the online data supplement at http://circres.ahajournals.org.
Nitrite Administration
Male Wistar rats (250 to 350 g) were given a single intraperitoneal injection of sodium nitrite dissolved in phosphate-buffered saline at an array of doses (0 [vehicle control], 0.1, 1.0, and 10 mg/kg body weight) with staggered administrations to allow tissue harvest at an identical chronobiological window.
Isolated Perfused Heart Preparation and Metabolomic and Redox Measurements
Blood and tissue harvest; quantitative analyses of nitroso/nitrosyl species, and NO oxidation products; measurements of ascorbate/ dehydroascorbate and reduced/oxidized glutathione; and assessment of cardiac function of Langendorff-perfused hearts were performed as detailed in the online data supplement.
Isolation and Analysis of Cardiac Mitochondria and Cytoplasm
Preparation of mitochondria and cytosol and standard molecular biology/proteomic techniques used for differential display and protein identification, including 2D-PAGE analysis, Western blotting, in-gel digestion, matrix-assisted laser desorption ionization time-offlight (MALDI-TOF) mass spectrometry (MS), and peptide mass fingerprinting, are described in detail in the online data supplement.
Phosphopeptide Enrichment and Liquid Chromatography-Mass Spectrometry
Following a 2-stage phosphopeptide enrichment, samples were analyzed by nanoflow high-performance liquid chromatographycoupled tandem MS as described in the online data supplement. Potential phosphopeptides were verified and assignments refined by manual interpretation of the original spectra.
Results

Acute Systemic Exposure to Nitrite Leads to Rapid, Transient Elevations in Tissue Nitrite and Nitros(yl)ation Levels and a Selective, Long-term Perturbation of Cardiac Redox Tone
We have demonstrated previously that systemically administered nitrite rapidly and dose dependently equilibrates across multiple organ systems, including the heart, brain, liver, kidney, and lung. 18 Elevated tissue nitrite levels can then directly nitros(yl)ate proteins in an NO-independent manner by a cooperative action of tissue hemes and thiols. 18 Using an experimental design tailored to investigate the effects of an acute systemic nitrite exposure on the heart (Figure I in the online data supplement), we now extended these findings by characterizing the dynamics of changing redox, metabolomic, proteomic, and functional parameters of the heart in response to various doses of nitrite, or vehicle (PBS), over an extended period after administration.
To follow cardiac sequelae after a systemic burst in nitrite levels, hearts from animals administered a bolus of nitrite (1 mg/kg) were analyzed over a 48-hour time course after application. At each time point (0, 2, 5, 10, and 30 minutes and 1, 3, 12, 24, 36, and 48 hours), cardiac nitrite levels were measured, together with other NO-related metabolites, including S-nitrosothiols, N-nitrosamines (S-and N-nitroso products), and heme-nitrosyl species. Additionally, as a measure of cardiac redox tone, the ascorbate oxidation status (the ratio of dehydroascorbate to ascorbic acid) was determined. Analysis of nitrite recovered from perfused heart tissue revealed a rapid increase in tissue nitrite levels within the first 5 minutes after administration ( Figure 1 ). Cardiac nitrite levels peaked between 10 and 30 minutes (increasing from high-nanomolar baseline concentrations to lowmicromolar peak levels), then after Ϸ1 hour, dropped sharply to baseline levels or below for the remainder of 48 hours. The initial, short-lived cardiac nitrite elevations were accompanied by rapid rises in S-and N-nitroso and heme-nitrosyl levels (1 to 3 orders-of-magnitude from baseline values), with S-nitroso species undergoing the largest relative changes ( Figure 1) . Similar results were observed in other compartments, including brain, liver, kidney, lung, plasma, and erythrocytes (not shown).
These transient spikes in cardiac nitrite and nitros(yl)ation were associated with a small increase in ascorbate oxidation (Figure 1 , asterisk), which returned to near baseline within 1 hour, consistent with direct chemical interaction between ascorbate and nitrite. 19 However, whereas nitrite and nitros(yl)ation levels in subsequent hours remained close to baseline, cardiac ascorbate oxidation continued to rise, peaking at 36 hours and remaining substantially elevated even 48 hours after nitrite administration. Total ascorbate levels changed little, remaining slightly elevated (15% to 21%) between 12 and 48 hours; no redox changes were observed in time-matched controls (not shown). Because this progressive and protracted elevation in ascorbate oxidation occurred long after return of nitrite to baseline, it is unlikely to have been caused through direct oxidation by nitrite but rather through a cascade of events elicited by the initial nitrite elevation.
Dose-Response Relationship of Nitrite-Induced Perturbations of Cardiac Redox Tone Is Complex
We sought to characterize in further detail these persisting, nitrite-triggered redox perturbations by examining their doseresponse relationship. Our array of nitrite doses (0.1, 1.0, and 10 mg/kg body weight) was chosen to produce physiologically/pharmacologically relevant increases in plasma concentrations (from nanomolar baseline levels to transient lowmicromolar treatment levels), and concomitant tissue elevations of nitrite, as previously shown. 18 Cardiac ascorbate and glutathione oxidation status was analyzed 24 hours after nitrite administration (when cardiac nitrite and nitros[yl]ation had long returned to baseline but cardiac ascorbate oxidation was markedly enhanced; see Figure 1 , arrow). Interestingly, nitrite-induced ascorbate was elevated independent of the dose applied (Figure 2A , left). Glutathione oxidation was also perturbed following nitrite administration (Figure 2A , right); however, in contrast to ascorbate, it showed a complex (trimodal) dose-response relationship, decreasing in hearts from the lowest (0.1 mg/kg) and highest (10 mg/kg) nitrite doses, with essentially no change in hearts from the intermediate (1.0 mg/kg) dose. Like ascorbate, total tissue glutathione concentration increased slightly (14Ϯ4%). The observed perturbations in cardiac redox status were specific to distinct cellular redox couples and not associated with global oxidative stress, because total protein carbonyl levels were un-changed 24 hours after administration at all nitrite doses (not shown).
Only Low and High, but Not Intermediate, Doses of Nitrite Are Cardioprotective
To evaluate the impact of these nitrite-induced cardiac tissue alterations on the functional properties of the heart, we subjected isolated perfused hearts from nitrite-treated animals (24 hours after administration) to 0-flow ischemia (15 minutes) and assessed their recovery during reperfusion (30 minutes). Hearts from low (0.1 mg/kg) and high (10 mg/kg) doses of nitrite showed significant improvement in cardiac contractile recovery, as reflected in decreased end diastolic pressure ( Figure 2B , left) and increased rate pressure product ( Figure 2B , right) relative to controls. In contrast, hearts from an intermediate nitrite dose (1.0 mg/kg) did not differ from controls. Thus, cardiac preconditioning, as reflected by improved function after I/R, was afforded by prior nitrite exposure in a complex (trimodal) dose-dependent fashion that was similar in pattern to the glutathione oxidation status.
Nitrite Induces Alterations to Cardiac Mitochondria-Associated Proteins, PDIA3, COQ9, and ALDH2
To explore the mechanisms of nitrite-induced cardiac preconditioning, we characterized cardiac proteomic alterations using a global differential 2D-PAGE-based proteomic analysis. We analyzed hearts 24 hours after exposure to an array of nitrite doses, using a strategy of partitioning heart tissue A, Ascorbate oxidation increases uniformly in response to nitrite, whereas glutathione oxidation is complex in its nitrite dose response. Hearts from animals administered a nitrite bolus in an array of doses (0 [control], 0.1, 1.0, 10 mg/kg) were analyzed after 24 hours: ascorbate oxidation status (DHA/AA) (left) and glutathione oxidation status (GSSG/GSH) (right) were determined by spectrophotometry (meansϮSEM; nϭ3). B, Dose-dependent cardioprotective or detrimental preconditioning by nitrite. Hearts, isolated from animals 24 hours after a bolus administration of nitrite in our array of doses, were perfused in Langendorff mode, subjected ex vivo to global ischemia (15 minutes) followed by reperfusion (30 minutes), and monitored for recovery of contractile function by measurements of diastolic pressure (EDP), rate-pressure product (RPP), and other hemodynamic parameters (mean valuesϮSEM; nϭ4 to 5).
into mitochondria and cytoplasm through differential centrifugation. Although largely uniform between treatment groups (as evidenced by the overall similarity of the stained gels; see Figure 3A ), the cardiac mitochondrial proteome displayed several distinct protein changes in response to nitrite treatment: dose-dependent changes were consistently evident in 3 series of protein spots (series 1: Figure 3B , i, left, spots a through d; series 2: Figure 3B , ii, left, spots a through d; Figure 3 . Nitrite-induced alterations to cardiac mitochondrial-associated proteins PDIA3, COQ9, and ALDH2 revealed by differential 2D-PAGE and MS analyses. Hearts from animals administered a nitrite bolus at 3 different doses were isolated 24 hours after administration, homogenized, subjected to differential centrifugation to isolate mitochondria and postmitochondrial cytoplasmic supernatant, followed by 2D-PAGE and silver staining. All samples were pooled from 3 animals per dose; gels are representative of a minimum of 3 replicates. A, Purified cardiac mitochondria, subjected to 2D-PAGE over the pI range 3 to 10 and molecular mass range 250 to 10 kDa, as indicated. B, Enlargements across treatment groups of 3 regions of 2D gels run with the same material as in A over the pI range 4 to 7 and molecular mass range 250 to 10 kDa (enlargements, left gels; full gels, supplemental Figure II Figure 3B , i, left, spots a and b) followed roughly the same dose dependence as glutathione oxidation, the intensities of the 2 most basic spots in that same series ( Figure  3B , i, left, spots c and d) followed the dose-dependence of ascorbate oxidation. Interestingly, the patterns of spot changes were distinct for each series. This suggests that there may be multiple mechanisms linking these proteomic changes to other nitrite-induced changes in the heart.
To identify these protein spots, preparative amounts of purified mitochondria were subjected to 2D-PAGE analysis and Coomassie staining. A large-scale peptide mass fingerprint (PMF) survey of the protein spots across the gels was undertaken as a road map for protein identifications by in-gel digestion, MALDI-TOF MS, and PMF analyses (see supplemental Table I ). When the spots from series 1, 2, and 3 were subjected to these analyses ( Figure  3B , i through iii, right graphs, from representative spots within each series), PMF results revealed unambiguous matches to isoforms of protein disulfide isomerase (PDI)A3, ubiquinone biosynthesis protein CoQ9 (COQ9), and ALDH2, respectively.
Nitrite Induces Changes in the Nitration and Phosphorylation of Cardiac Myofilament, Energetic, and Signaling Proteins
In addition to differential 2D-PAGE analyses of mitochondria, we performed similar analyses on the postmitochondrial cytoplasm from hearts of nitrite-treated animals. These 2D gels (supplemental Figure III) revealed distinct nitritedependent alterations in spot intensity in a spot cluster corresponding to myosin light chain protein (MLC)1 isoforms ( Figure 4A , spots a through g), and a train of spots corresponding to cardiac actin, as accentuated by the dye, Pro-Q Diamond, which stains protein phospho-isoforms and other acidic species ( Figure 4B , spots a through e). Importantly, the MLC1 observations are consistent with previous reports suggesting changes in MLC1 phosphorylation occur in the context of cardioprotection. 20, 21 These observations motivated a more detailed characterization of stable nitriteinduced PTMs.
In the context of oxidative stress, the capacity of nitrite to produce nitrogen dioxide may be accompanied by posttranslational protein nitration. To assess whether brief nitrite exposure also leads to the nitration of cardiac proteins, we conducted 2D-PAGE and anti-nitrotyrosine Western analysis of whole heart homogenates 24 hours after nitrite treatment ( Figure 4C ). To control for blotting variability, isoelectric focusing strips from each nitrite-dose sample were placed side-by-side atop single 2D gels and subjected as one to SDS-PAGE and Western blotting. Whereas multiple proteins were found to be post-translationally modified by nitrite, nitration was not indiscriminate: the staining of some protein spots remained unchanged with increasing nitrite exposure, such as those corresponding to F1-ATPase ␤ subunit and GRP78, both known targets of tyrosine nitration (spots f and g, Figure 4C ). In contrast, qualitative changes in nitration were observed for lactate dehydrogenase B (LDHB) (spot a, Figure 4C ), dehydrolipamide S-acetyl transferase (PDC-E2, a component of the pyruvate dehydrogenase complex) (spot b, Figure 4C ), actin (spot c, Figure 4C ), and other cardiac proteins (including spots d and e, Figure 4C ). Whereas LDHB nitration appeared to increase with increasing nitrite dose, the nitration of other proteins showed a more complex behavior. Notably, several cardiac proteins were observed as nitrated under basal conditions (in controls). A summary of the nitrite-dependent changes in normalized relative intensity of each gel spot shown in Figures 3B and 4A through 4C is contained in supplemental Table II. As the spot patterns we observed in several of our 2D gel analyses (eg, Figure 3B , series 1 through 3) resemble those resulting from phosphorylation, we investigated the cardiac phosphoproteome for alterations in response to nitrite administration. The MALDI-TOF mass spectra of peptides from PDIA3, COQ9, and ALDH2 acidic gel spots (as in Figure 3B , i through iii, spots a and b) contained ions corresponding to phosphopeptides from these proteins. For example, we detected an ion corresponding to the ALDH2 phosphopeptide, 431 to 438 ( Figure 5A ), bearing phosphorylation on Thr431, which has recently been reported as a functionally active phosphosite. 22 Also evident in the MALDI-TOF mass spectra were several other potential phosphopeptides (data not shown) that correspond to known and novel phosphorylation sites, whose definitive assignments await confirmation and further characterization by other MS techniques.
Recently, it has become appreciated that gel-based proteomics can lead to chemical artifacts resembling protein phosphorylation. 23 To avoid potential artifactual chemical modifications associated with peptides extracted from gels, tryptic peptides were produced directly from pooled heart homogenates of control animals and pooled homogenates from nitrite-treated animals, by in-solution endoproteinase digestion. Peptides were then subjected to a 2-stage phosphopeptide enrichment procedure, involving calcium phosphate precipitation and titanium dioxide purification. Samples were then subjected to characterization by liquid chromatography (LC)-MS and tandem MS (MS/MS). LC-MS analysis of the samples from nitrite-treated animals detected the phosphorylated and nonphosphorylated forms of ALDH2 peptide 431 to 438 ( Figure 5B ) that were also found in the gel-derived samples. MS/MS spectra of this and other potential phosphopeptides from ALDH2, PDIA3, or COQ9 were not acquired during data-driven MS/MS peak selection because of their low relative abundances. However, LC-MS/MS analysis did reveal phosphopeptides that were abundantly present in the pooled nitrite-treated samples ( Figure 6 ) but below detection in the control samples. Interpretation of MS/MS spectra led to identification of these phosphopeptides as belonging to filamin (FLN)C ( Figure 6A ) and to subunits of cAMP-dependent protein kinase A (PKA) ( Figure 6B ) and serine/threonine protein phosphatase 2A (PP2A) ( Figure 6C ). Because numerous diagnostic fragment ions were present in each spectrum, it was possible to assign unambiguously sites of phosphorylation to residues Ser2234 of FLNC, Ser83 of PKA regulatory subunit 1-␣ (PKA R1␣, KAP0), and Ser9 of PP2A regulatory subunit A-␣ (PP2A A R1-␣, 2AAA). These 3 proteins were not identified in our 2D-PAGE and PMF analyses, possibly because of the large size of FLNC, which likely renders it incompatible with our 2D-PAGE methodologies, and the potential comigration of PKA R1␣ and PP2A A R1-␣ with other, much higher-abundance proteins (their molecular masses and theoretical pI values place them within regions of our 2D gels with the highest spot densities). Although numerous additional phosphosites on other proteins were characterized by these LC-MS/MS analyses (such as Ser283 of tropomyosin ␣ chain 1, TPM1, and Ser663 of sarcoplasmic/endoplasmic reticulum calcium ATPase 2, SERCA2, AT2A2; not shown), their potential variation with nitrite treatment was less clear. Further studies, such MS analyses incorporating stable-isotope labeled standards, will be necessary to quantitate potentially more subtle occupancy changes at these other sites and to determine their relevance to nitrite treatment.
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Discussion
Expanding on previous studies that have highlighted the ability of nitrite to confer cardioprotection, [7] [8] [9] [10] [11] [12] this study provides novel insights into the dose-response relationship, potential mechanisms, and consequences of nitrite-induced delayed cardioprotection. Our findings suggest that exposure to systemic nitrite elevations, such as that which occurs physiologically (eg, with exercise 24 ), results in rapid uptake and metabolism of nitrite by the heart, with associated transient nitros(yl)ation of heart tissue. Despite the transience of elevated tissue nitrite and nitros(yl)ation levels, this exposure induces a protracted effect on cardiac redox status: it leads to an increase in ascorbate oxidation (DHA/AA) over 48 hours and a reduction of glutathione oxidation (GSSG/ GSH) in a complex nitrite dose-dependent manner. The importance of these changes is underlined by the compelling correspondence between the patterns of GSSG/GSH changes and cardiac preconditioning, as manifested by improved recovery of contractile function following I/R. We speculate that these redox and cardioprotective changes reflect the influence of nitrite on the bioavailability, cross-talk, and signaling of NO and reactive oxygen species (ROS) ( Figure  7 ). Both the levels and ratios of these species, and their interaction to form peroxynitrite (ONOO Ϫ ), appear a critical determinant of the preconditioning response. 25, 26 Concurrent with these redox and functional changes, we further demonstrate that the heart undergoes significant proteomic alterations in response to brief nitrite elevations.
Affected proteins include: myofilament-related and energy-consuming proteins (eg, FLNC, actin, sarcomeric MLC), energy-producing proteins (eg, LDHB, PDC-E2), serine/threonine kinase signaling proteins (eg, PKA and PP2A) and proteins modifying mitochondrial function and redox stress (eg, PDIA3, COQ9, and ALDH2). Modifications of PDIA3, COQ9, and ALDH2 protein isoforms that, at least in part, are attributable to phosphorylation, have been identified here for the first time in the context of nitrite exposure. Moreover, LC-MS analysis of pooled nitrite-treated versus control animals demonstrated specific nitrite-induced protein phosphorylation of ALDH2, FLNC, PKA, and PP2A. Many of these proteins, and the pathways to which they belong, have recently been identified as critical mediators of cardioprotection arising from diverse preconditioning stimuli, underlining the robustness of conserved preconditioning pathways (Figure 7) . 20 -22,27,28 For example, the phosphorylation of ALDH2 at Thr431 ( Figure 5 ) is also regulated by PKC and has been linked to cardioprotective increases in ALDH2 enzymatic activity. 22, 28 In accordance with other similar studies, 26, 27, 29 novel and important, hypothesis-generating information has been gained from relatively unbiased proteomic investigations. In contrast to most cardioprotection proteomic analyses performed to date using isolated myocytes explanted 60 minutes after treatment, our studies were performed on whole heart preparations and uniquely studied the metabolome/proteome long after treatment (at 24 hours), yielding insights into potential mediators and pathways of late cardioprotection. Despite our extensive 2D-PAGE approach using cell compartment-specific proteomics, the protein changes we identified are by no means comprehensive. For technical reasons (eg, challenges of 2D-PAGE characterization of proteins with wide ranges in abundance and with limited solubility in 2D-PAGE buffers, etc), such proteomic approaches provide only a limited window into the biological pathways involved. 20 Thus, many observations reported herein represent only the first stage of full structural and functional determination of nitrite-dependent protein alterations. Future studies are necessary to quantitate the nitrite dose response of the phosphosites we have described and to probe deeper into the proteome to investigate the quantitative changes, stoichiometry, and functional consequences of putative phosphorylation sites and their rela-tionship to cardioprotection. Additionally, other novel and functionally active PTMs 20, 21, 27, 29, 30 (eg, prolyl hydroxylation, nitration, oxidation, N-acetylglucosamination) should be investigated by methodologies tailored to their enrichment and characterization. As with other classes of proteins, PTM changes of myofilament proteins will require comprehensive characterization and functional assays to determine their contribution to cardioprotection. 31, 32 Additionally, although beyond the scope of this largely proteomic study, it will be necessary to test the hypothesis that the elaboration of NO and ROS are required for nitrite-induced delayed cardioprotection. This may be accomplished through administration of nitrite concurrently with antioxidants followed by a systematic assessment of its downstream effects, including its impact on recovery from I/R. 26, 33, 34 
Conclusions
The present study confirms that nitrite is an effective cardioprotective agent that can facilitate persistent protection against myocardial ischemia and reperfusion. We propose for the first time that: (1) the protective influence of nitrite conforms to a complex dose-response relationship (only low and high doses are effective); (2) these doses induce a complex oxidant stress pattern with oxidized ascorbate and reduced glutathione corresponding to a functionally protected heart, and (3) the changes in redox status not only correlate functionally with protection but also correspond to a complex pattern of putatively protective protein alterations, including PTMs (phosphorylation and nitration), of proteins involved in serine/threonine kinase signaling, protection from oxidative stress, potential bioconversion of nitrite to NO, and the machinery of cellular metabolism. Although further studies will be needed to fully delineate the mechanisms of nitriteinduced cardioprotection, this study informs ongoing basic and translational studies by highlighting the importance of 
Alterations in
Contractile Function Figure 7 . Schematic representation of the mechanisms underlying nitrite-induced late preconditioning. Nitrite, both directly and through NO release, induces the release of free radicals, including ROS. One mechanism of ROS increase includes NO-induced activation of cyclic GMP (cGMP), in turn activating a redoxsensitive protein kinase G (PKG), which opens mitochondrial K ATP channels, enhancing local ROS production. NO, ROS, and peroxynitrite (OONO Ϫ ), when produced in an optimal balance resulting from effective nitrite concentrations and incipient conditions (eg, cellular redox status), lead to activation of cellular kinases (eg, PKA, PKC␦, and -). Nitrite-derived NO can also act via transient modification of electron transport chain components and S-nitrosation of proteins involved in regulation of mitochondrial energetics. Ultimately, these lead to cardioprotection mediated through the interplay of transcription factor signaling, proteomic, metabolic, and redox changes and alterations in contractile function.
the dose-effect relationship for nitrite and the broad array of downstream targets possibly involved in its cardioprotective efficacy. Finally, seen in the context of the transient increases in circulating nitrite levels known to occur following physical exercise 24 and ingestion of nitrite/nitrate-rich foods, 3 our results may illuminate the role of these lifestyle-related factors in cardiovascular health and disease.
